In most bioluminescence systems the oxidation of luciferin and production of light is catalyzed by luciferases. Protein engineering studies have shown that thermostable proteins from thermophilic organisms have a higher frequency of Arg, especially in exposed states. To further clarify the arginine saturation effect on thermostability of firefly luciferase, some of hydrophobic solvent-exposed residues in Lampyris turkestanicus luciferase are changed to arginine. All of these residues are located at the surface loops of L.turkestanicus luciferase. 
In most bioluminescence systems the oxidation of luciferin and production of light is catalyzed by luciferases. Protein engineering studies have shown that thermostable proteins from thermophilic organisms have a higher frequency of Arg, especially in exposed states. To further clarify the arginine saturation effect on thermostability of firefly luciferase, some of hydrophobic solvent-exposed residues in Lampyris turkestanicus luciferase are changed to arginine. All of these residues are located at the surface loops of L.turkestanicus luciferase. Starting with a luciferase mutant (E 354 showed that optimum temperature of activity was increased to 408 8 8 8 8C which are 12 and 158 8 8 8 8C higher than E 354 Q/Arg 356 and wild-type luciferases, respectively. Also, after 40 min incubation of enzymes at 408 8 8 8 8C, the relative remaining activity of wild type was only 5%, whereas for -I 232 R, -Q
Introduction
The phenomenon of bioluminescence has been observed in many different organisms including bacteria, fungi, algae, fish, squid, shrimp and insects. Luminous organisms produce light by an enzymatic reaction of a luciferase with a luciferin. Lightemitting reactions are quite distinct among luminous organisms, but in each case the reaction is an oxidation process with molecular oxygen and is a conversion of chemical energy into light (Inouye, 2010) . Firefly luciferase converts chemical energy from D-luciferin (4S)-2-(6-hydroxy-1,3-benzothiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid), Mg 2þ -ATP and oxygen into light (White et al., 1971) . These enzymes are believed to adopt two different conformations (Gulick, 2009 ) to catalyze two half reactions: the first half is an adenylation reaction to form an luciferyl-adenylate (LH 2 -AMP) from carboxyl group of luciferin and ATP, and the second half-reaction involves the oxygenation of LH 2 -AMP with molecular oxygen (O 2 ) to produce the excited state oxyluciferin, adenosine monophosphate, CO 2 and pyrophosphate (Seliger and McElroy, 1960; Fraga, 2008) . Relaxation of the oxyluciferin to the ground state results in the production of yellow-green light (l max %560 nm) with a remarkable quantum yield (Seliger and McElroy, 1960; Ando et al., 2008; Niwa et al., 2010) . Light production of firefly luciferase is one of the most sensitive analytical tools in the ultrasensitive detection of ATP for measuring microbial contamination (Lundin, 2000) , genetic reporter assays in molecular biology (Gould and Subramani, 1988) , detection of phosphatase activity (Miska and Geiger, 1988) , use in DNA sequencing (Ronaghi et al., 1996) and as a tool for monitoring in vivo protein folding and chaperonin activity (Frydman et al., 1992) . The sensitivity and convenience of the firefly luciferase assay has created considerable interest in luciferase-based biosensors, with a detection limit in the femtomole range.
However, despite diverse applications in research and assay, several factors limit further application and development of this technology, including a low turnover number and high K m for the substrate ATP (Seliger and McElroy, 1960; Seliger and McElroy, 1964) . Moreover, like most enzymes from mesophilic organisms, firefly luciferases have low stability both in vitro and in vivo (White et al., 1996) . For the practical use of luciferase, like other enzymes, several approaches such as additives addition (Eriksson et al., 2003; Mehrabi et al., 2008; Ganjalikhany et al., 2010) , site-specific mutagenesis (Kajiyama and Nakano, 1993; Hirokawa et al., 2002; Tafreshi et al., 2008; Moradi et al., 2009) and disulphide bridge introduction (Imani et al., 2010; Nazari and Hosseinkhani, 2011) have been carried out in order to isolate variants of luciferase with improved properties. One of the most thermostable luciferases has been reported for a mutant of luciferase from Photuris pennsylvanica, which shows little activity loss .5 h at 658C (Hall et al., 1998) . One of the important approaches in protein engineering studies is the comparison of sequence and structure of thermophilic and mesophilic proteins and this has formed the basis of theoretical efforts in elucidating the thermostability mechanisms (Zhou et al., 2008) . One of the most striking features of thermostable proteins is the higher frequency of Arg, especially in exposed state, which would stabilize the exposed parts of protein structure (Chakravarty and Varadarajan, 2000; Kumar et al., 2000; Das et al., 2006) . Interestingly, it has recently been observed that hot spots for binding in protein interface are also rich in Arg and Tyr (Kumar et al., 2000) . According to bioinformatics analysis higher ratios of charged amino acids, especially at the surface, increase ion interactions and enhance occurrence of salt bridges and ion pairs in thermophilic proteins which provide thermal stability to proteins (Xiao and Honig, 1999; Szilágyi and Závodszky, 2000; Fukuchi et al., 2003; Nakashima et al., 2003; Saunders et al., 2003; Suhre and Claverie, 2003) , some mutations have been experimentally tested (Tanaka et al., 2004) . One example of successful and unsuccessful of introducing arginines to surface loops was reported by Strub et al. (2004) . They replaced 14 solvent-exposed hydrophobic residues of acetylcholinesterase by arginine. Although the mutational effects were rather small, this strategy proved to be successful since half of the mutants showed an increased stability (Strub et al., 2004) . Moreover, addition of a positive charge may result in addition of a charge repulsion which decreases stability (Grimsley et al., 1999) . Insertion of Arg 356 and substitution with positively charged residues (E 354 R) in an important surface flexible loop in Lampyris turkestanicus (L.tu) (Tafreshi et al., 2007; Alipour et al., 2009; Khalifeh et al., 2011) luciferase resulted in structural and functional thermostability and increasing of optimum temperature. However, according to our knowledge, multiple arginine substitution on flexible loops of firefly luciferase has never been reported. Therefore, decreasing the hydrophobicity at the surface of the luciferase and enhancing the probability of ion interactions may have some stabilizing effects on the structure of firefly luciferase.
Here, we have extended this strategy by mutating several hydrophobic residues scattered at the surface of L.turkestanicus luciferase to arginine. In this study, uncharged polar residue at positions 35 (Gln; a1-b2) and hydrophobic residues at positions 182 (Ile; a6-b8), 232 (Ile; a7-b10) and 300 (Leu; a10-a11) in a green emitter mutant of L.turkestanicus luciferase (L.tu-pET28a-E 354 Q/Arg 356 ) are chosen by visual examination of the structure and homology modeling. All these residues are located in surface flexible loops and corresponding side chains are placed in the solvent-exposed area in the L.turkestanicus luciferase. Similar mutations on surface flexible loops of Photinus pyralis luciferase have been reported (Law et al., 2006) . We have shown that replacement of uncharged polar and hydrophobic residues by Arg at positions 232, 35 and 182 leads to the enhancement of thermostability. Moreover, since multiple mutations often result in cumulative increase in stability (Tisi et al., 2002; Branchini et al., 2007) , multiple substitutions were applied to firefly luciferase.
Materials and experimental procedures

Reagents
The following reagents and kits were used. Kanamycin and isopropyl-D-thiogalactopyranoside (IPTG) were purchased from Sigma. ATP was purchased from Roche. D-luciferin potassium salt was kindly provided by Resem BV (The Netherlands); ANS, 8-anilino-naphthalene-1-sulfonic acid (Merck, Germany); PrimeSTAR HS DNA polymerase and DpnI were purchased from Fermentas. The plasmid extraction kit, the gel purification kit and the polymerase chain reaction (PCR) purification kit were obtained from Bioneer Corp. and the Ni 2þ -nitrilotriacetate (Ni-NTA) spin kit was purchased from Novagen Inc. All experiments were carried out at least three times.
Site-directed mutagenesis
The Quick Change Site-Directed Mutagenesis (Wang and Malcolm, 1999) ) were amplified using PrimeSTAR HS DNA polymerase and two complementary primers containing the desired mutation, using a thermal cycler (1 cycle at 958C; and 20 cycles of 958C for 1 min, 558C for 1 min and 688C for 13 min and a final extension for 10 min at 688C). Subsequently, primary PCR products were purified using a clean-up kit. The products were treated with DpnI to digest the non-mutated parental plasmids. After the second purification, the product used to directly transform into competent Escherichia coli BL21 cells. Sequencing pET28a vectors containing wild-type and mutant luciferases were sequenced using an automatic sequencer (Macrogene) by the T7 promoter and T7 terminator universal primers.
Protein expression and purification
His 6 -tagged WT luciferase and mutants were expressed from pET28a-luc in E.coli BL21 host cells (Novagen). Twenty milliliters of TB medium containing 50 mg/ml of kanamycin with a fresh bacterial colony harboring the expression plasmid were inoculated and grown at 378C overnight. Then 250 ml of medium with 2.5 ml overnight cultures was inoculated and grown at 378C with vigorous shaking until the OD 600 reached 0.9. These cultures then induced with IPTG and lactose to a final concentration of 1 and 4 mM, respectively, and the mixture was incubated at 228C with vigorous shaking, as reported earlier (Riahi and Hosseinkhani, 2009 ). The purified wild-type and mutants enzymes had purities of .95% based on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS -PAGE) analysis. Total protein concentrations were estimated by Bradford method (Bradford, 1976) , using the Coomassie blue with bovine serum albumin (BSA) as standard protein.
Measurement of bioluminescence emission spectra and kinetic properties
Bioluminescence emission spectra were obtained using a PerkinElmer (LS55) luminescence spectrophotometer from 400 to 700 nm wavelengths at 25 and 378C, as reported previously (Emamzadeh et al., 2006) . Reactions were initiated by adding 50 ml of a purified luciferase solution (%50 mg) to a quartz cell containing 400 ml of 50 mM Tris-HCl buffer ( pH 7.8 and pH 5.5) including 2 mM ATP, 5 mM MgSO 4 and 1 mM luciferin. Gate and delay times, detector voltage, scan rate and slit width were adjusted to optimize instrument response. The spectra were automatically corrected for the photosensitivity of the equipment. Values of K m for LH 2 and ATP for all luciferase enzymes were determined from bioluminescence activity assays at 258C (Sirius tube luminometer, Berthold Detection System), according to a procedure as reported earlier ).
Thermal inactivation, thermal stability and optimum temperature studies
The time courses of inactivation of purified luciferases were measured by incubating the enzyme (10 mg/ml) in two buffers: (i) 50 mM Tris-HCl ( pH 7.8) and (ii) 50 mM Tris-HCl ( pH 7.8) containing 10% saturated ammonium sulfate and 0.2% (w/v) BSA at 408C. Buffer 2 is a reported and known buffer for measurement of luciferase activity but it has stabilizing effect on luciferase activity. Therefore, in order to get rid of its stabilizing effect on thermostability a buffer (buffer 1) without additional reagents has been tested. At regular intervals (0 -40 min), 20 ml of luciferase solution samples were removed and cooled on ice (5 min) and the remaining activity was determined by adding 2.5 ml of luciferase solution to a cell containing 47.5 ml of 50 mM Tris-HCl buffer ( pH 7.8) including 2 mM ATP, 5 mM MgSO 4 and 1 mM luciferin ( pH 7.8) and light emission was recorded .1 s at room temperature (258C). Recording of the light began immediately after addition of luciferase and was integrated .0.3 s intervals (Sirius tube luminometer, Berthold Detection System, Germany). The activity of the enzyme solution kept on ice was considered as the control (100%). To study thermal stability, the purified luciferases (10 mg/ml) were incubated in the range of 20 -50 8C for 5 min. After this, the luciferase solutions were incubated in ice for 5 min. Enzyme activities were measured at room temperature by adding 2.5 ml of this luciferase solution to a cell containing 47.5 ml of 50 mM Tris-HCl buffer ( pH 7.8) including 2 mM ATP, 5 mM MgSO 4 and 1 mM luciferin ( pH 7.8) and light emission was recorded .1 s at room temperature (258C) (Mortazavi et al., 2008) and the remaining activity was recorded as percentage of the original activity. In order to obtain optimum temperature of activity for the wildtype and mutant luciferases, 47.5 ml of 50 mM Tris-HCl buffer ( pH 7.8) including 2 mM ATP, 5 mM MgSO 4 and 1 mM luciferin ( pH 7.8), was incubated in the range of 5 -708C for 5 min. The activities were measured by adding 2.5 ml of luciferase solutions to this cocktail and light emission was recorded .1 s. Also, the half-lives (t 1/2 ) of luciferase inactivation are measured by incubating the enzyme in 50 mM Tris-HCl buffer ( pH 7.8) at 35 8C. At regular intervals (0-40 min), 2.5 ml of luciferase solution samples were removed and the remaining activity was determined by adding this luciferase solution to a cell containing 47.5 ml of 50 mM Tris-HCl buffer ( pH 7.8) including 2 mM ATP, 5 mM MgSO 4 and 1 mM luciferin and light emission was recorded .1 s.
pH stability and optimum pH
The purified luciferase solutions (10 mg/ml) were incubated in mixed buffer (100 mM glycine, 100 mM succinic acid and 50 mM Tris-HCl) over a range of pH (5 -12) for 5 min. Enzyme activities were measured at pH 7.8 and the remaining activities were recorded. Optimum pH of activity for the enzymes was measured by adding 2.5 ml of a luciferase solution ( pH 7.8) to a cell containing 2.5 ml of cocktail (containing 20 mM ATP, 50 mM MgSO 4 and 10 mM luciferin in 50 mM Tris-HCl buffer ( pH 7.8)) and 45 ml mix buffer (100 mM glycine, 100 mM succinic acid and 50 mM Tris-HCl) over a range of pH (5-12). The light emission was recorded .1 s at room temperature (258C). It should be noted that the activities have not been corrected for spectral response of the detector.
Structural analysis
Intrinsic fluorescence measurements were performed at 258C using a PerkinElmer (LS55) luminescence spectrophotometer, similar to the reported procedure (Hosseinkhani et al., 2005) . The experiments of ANS binding to proteins were carried out at 258C. Measurements were taken on the same spectrofluorimeter. The final concentration of the ANS in the enzyme solutions was 30 mM and the molar ratio of protein to ANS was 1:30 (Semisotnov et al., 1991; Riahi and Hosseinkhani, 2009) .
Moreover, circular dichroism (CD) spectra were measured with an AVIV spectropolarimeter, model 215 (USA) using solutions with protein concentration 0.2 mg/ml (200 -250 nm) in 0.05 M Tris buffer ( pH 7.8). All CD measurements were carried out at 258C similar to the standard procedure reported in previous publications 
Dynamic quenching
Fluorescence quenching was carried out by addition of various concentrations of acrylamide and potassium iodide (KI) (0 -0.5 M) (as an ionic quencher) to 0.02 mg/ml purified and dialyzed enzyme. The fluorescence emission was scanned between 300 and 400 nm with an excitation wavelength of 295 nm. Quenching data were analyzed in terms of the Stern -Volmer constant, K SV , which was calculated from the ratio of the unquenched and the quenched fluorescence intensities, F o /F, using the relationships
[Q] is the molar concentration of the quencher .
Bioinformatic study
Photinus pyralis firefly luciferase (PDB code 1LCI) is used as the PDB template in the SwissModel Alignment interface protein modeling server (Schwede et al., 2003) . With submission of multiple sequence alignment of luciferase sequence family and template, 3D structure models of wild-type and mutant luciferases were obtained. The fit between the 3D structures of models were evaluated in the SWISS-PDB Viewer by calculating the root mean square deviation after iterative fitting. Hydrogen bonds of wild-type and mutant proteins were also calculated by SWISS-PDB Viewer program, WHAT IF Web server (Vriend, 1990) and PIC Web server (Tina et al., 2007) . The determination of the protein hydropathy profile was made using the MPEx program (Snider et al., 2009 ). After cloning and transformation, mutations at specific residues were confirmed by sequencing. In order to further purification and characterization of the wild-type and mutant forms, overexpression and purification of luciferases were carried out. The purified wild-type and mutant luciferases had purities .95% based on SDS -PAGE analyses (Fig. 1) . In average, the yields of protein expression per 1 L of culture for WT, the individual and multiple mutants obtained here were 30 mg purified luciferase.
Characterization of the kinetic properties
To evaluate the effects of mutations, the kinetic parameters for the wild-type and mutant enzymes were determined. The results [relative specific activity, optimum pH and temperature and K m (for LH 2 and ATP)] are listed in Bioluminescence emission spectra Fig. 2 shows the bioluminescence emission spectra of wildtype and mutant luciferases. The bioluminescence emission spectrum of -L 300 R was very weak and is not reported. The wild-type luciferase exhibits a spectrum with a single peak at 550 nm but all luciferase mutants display a bimodal spectrum at pH 7.8 (Fig. 2) . All mutants have a maximum in the green region (550 nm) and a smaller shoulder at 602 nm in the red region ( pH 7.8). However, a minor blue shift in green region was observed for -I 232 R mutant. Bioluminescence spectra of the mutants at the low pH ( pH 5.5) were also obtained which shows a minor peak in the green region and a major peak in the red region (Table 2) . Moreover, bioluminescence spectra of the mutant luciferases at high temperature ( pH 7.8 and 378C) were also measured which shows a maximum in the green region and a smaller shoulder in the red region (Table 2) . We believe the red shift observed for Q
35
R is mainly arisen from the parent luciferase mutant (E 354 Q/R), an effect which is not observed for L 35 Q mutant in Law paper. Moreover, minor differences in bioluminescence spectra of mutants in Fig. 2 are not meaningful, as major reason for bioluminescence difference is due to population of emitter form (Anionic keto form).
Thermal inactivation, thermal stability and optimum temperature
Time course of inactivation for wild-type and mutant luciferases, were compared at 408C (Fig. 3) . As indicated in Fig. 3b , after incubation of wild-type and mutant luciferases at 408C, after 40 min, activity of wild type was only 5%, whereas the remaining activity for -I R was 60, 80 and 80% of original activity, respectively. Also, the thermal stability plot shows that wildtype enzyme has reserved 5% of original activity in 408C, whereas these values for -I232R, -Q35R/I232R and -Q35R/ I232R/I182R were 80, 95 and 97%; respectively (Fig. 4) Especially, the purified Ala 217 Leu mutant still maintained .70% of initial activity after 60 min at 508C. Another double mutant (E 356 R/V 368 A) showed significantly improved thermostability because .90% of activity remained after incubation for 1 h at 458C, with its specific activity being maintained (Kitayama et al., 2003 (Branchini et al., 2007) . A similar increase in heat stability (inactivation half-life) was observed for P.pyralis GR -TS enzyme (10.5 h) and for P.pyralis RE-TS (8.8 h) enzymes upon incubation at 378C Engineering of luciferase through arginine saturation (Branchini et al., 2007) . Also, Tisi and coworkers report that a P.pyralis luciferase variant containing five point mutations (mutant E) had approximately a 82.1 min at 378C, a value nearly 27-fold higher than that of wild type (3.06 min) (Tisi et al., 2002; Baggett et al., 2004) .
The effect of pH
The optimum pH of wild-type and mutant luciferases was determined by assaying of the enzyme in a mixed buffer. file 1) . Also, the pH stability of mutant luciferases was compared by incubation of the luciferase solutions in a mixed buffer over a range of pH (5 -12) for 5 min (Supplementary file 1) . Remaining luciferase activities were measured at pH 7.8 and no significant differences was observed. It shows that the optimal pH for both wild-type and E 354 Q/R-Q 35 R/I 182 R/ I 232 R luciferase is 8.5. It should be noted that the optimal pH for both wild type of luciferase from P.pyralis and Â5 mutant luciferase was 8.0 as reported by Law et al. (2006) . Thus altering these surface residues at the selected positions did not change the optimal pH for the bioluminescence reaction.
Structural characterization of the wild-type and mutant luciferases
Fluorescence measurements. Lampyris turkestanicus luciferase has only one tryptophan, Trp 417; this Trp residue is located in near the protein surface in large N-domain. The fluorescence spectrum of the wild-type form had a broad spectrum with a maximum at 333 nm at pH 7.8. According to R/I 232 R/I 182 R exhibited increasing fluorescence intensity compared with the wild-type form. Increase of fluorescence intensity was indicative of the conformational changes in mutant forms versus the wild-type form, presumably resulting from alteration of microenvironment of a tryptophan and compacting structure. Therefore, this result suggests the potential structural changes taking place in the enzyme, induced by mutations in hydrophobic residues of protein surface.
ANS fluorescence
ANS anion is a much utilized fluorescent 'hydrophobic probe' for examining the non-polar character of proteins and membranes (Daniel and Weber, 1966; Slavik, 1982) . ANS in organic solvents such as isopropanol is brilliantly fluorescent, but practically non-fluorescent in water. This behavior has often been extrapolated to mean that the anilinonaphthalene group, when it fluoresces upon addition to a protein, binds to non-polar (hydrophobic) sites that exist in the protein before binding starts (Matulis et al., 1999) . 
KI and acrylamide quenching
An excellent way to experimentally determine the degree of exposure of tryptophanyl residues in solution is by fluorescence quenching (Lehrer, 1971) . The accessibility of tryptophan residues in proteins and the effect of mutations on the accessibility of tryptophan could be studied through iodide quenching of protein fluorescence (Lehrer, 1967) . This method has been utilized to probe the effect of the KI and acrylamide binding on wild-type and mutant luciferases. KI was selected as the ionic quencher to quench selectively the emission of exposed tryptophan residues . Iodide quenching efficiency is influenced by the charge in the vicinity of the fluorophore and the frequency of collision . Acrylamide was chosen as the non-ionic quencher to quench both the exposed and masked fluorophores. The extent of acrylamide quenching is only dependent on its collision frequency with the fluorophore . The Stern-Volmer plot of KI quenching data revealed that -I (Fig. 8b) . The quenching data obtained for KI and acrylamide show that -L 300 R mutation substantially decreased the accessibility of fluorescent residues and far from collision to the quenchers through changes in the conformation of luciferase structure. Meanwhile, -E 354 Q/Arg 356 mutation caused a slight increase in the accessibility of tryptophan residues compared with wild-type form.
CD spectra of wild-type and mutant luciferases CD spectra of wild-type and mutant forms of luciferases obtained in Tris-HCl buffer (50 mM, pH 7.8) are shown in Fig. 9 . As indicated in Fig. 9 , these far-UV CD spectra of luciferase show changes in the secondary structure of the mutants. Engineering of luciferase through arginine saturation
Discussion
Firefly luciferase, like most enzymes from mesophilic organisms, has low stability both in vitro and in vivo and suffers from inactivation at elevated temperatures (White et al., 1996) . The charged amino acids would contribute to the electrostatic interaction, which is an important force for maintaining conformational stability in the outer part of protein (Eftink and Ghiron, 1981; Dill, 1990) . More charged residues are found in hyperthermophilic proteins than in mesophilic proteins, especially higher frequency of Arg at the protein surface increase ionic interactions and enhance occurrence of salt bridges which provide thermal stability to proteins (Xiao and Honig, 1999; Das et al., 2006) .
As indicated in Fig. 2 R mutants, with a single maximum at 556 nm, at pH 7.8 (Law et al., 2006) . These results suggest that single substitutions at these positions do not have any effects on bioluminescence emission spectrum and these residues do not participate in bioluminescence color determination. Therefore, positive charge saturation in other similar loops to flexible loop 352-359 do not effect on solvent accessibility to emitter site (Hosseinkhani, 2011) . It is important to note that -L 300 R mutant shows very low activity. It may be suggested that the addition of a positively charged group at positions 300 is not favorable for light production and reduced the light emission which is probably as a result of high rigidity of the structure, (as confirmed by intrinsic fluorescence) (Fig. 6) . Another interpretation can be considered here; insertion of basic residue at this position may forms hydrogen bond and ionic interactions between Arg 300 and Glu 270 or Glu 271 as shown by SWISS-PDB Viewer program and PIC Web server (Schwede et al., 2003; Tina et al., 2007) and these hydrogen bonds and ionic interactions may change the structure of luciferase and perturb substrate accessibility to the active site. However, it should be noted that this residue is highly conserved.
As shown in Fig. 3a and b R mutant forms of L.turkestanicus luciferase were significantly more thermostable than the recombinant wild-type enzyme over the range of tested temperatures. These results may be interpreted through higher rigidity of their structures, as confirmed by intrinsic fluorescence (Fig. 6 ), quenching and extrinsic fluorescence. For further explanation, we must attend to the location of Ile 232 residue in the structure of L.turkestanicus luciferase and seems that this residue plays a critical role in enhancement of thermal stability. The crystal structure of luciferase without substrates from the north American firefly P.pyralis has been resolved (Conti et al., 1996) . Due to high (85%) amino acid identities in the primary structure of firefly luciferases from P.pyralis and L.turkestanicus (http://blast.ncbi .nlm.nih.gov/Blast.cgi), the crystal structure of P.pyralis firefly luciferase was used as a template to elucidate the structure of the L.turkestanicus luciferase and their 3D structures are assumed to be similar. Furthermore, the corresponding amino acid residues are also assumed to place in similar location in the structure of enzyme. The results of this homology modeling show that the side chain of hydrophobic residue Ile 232 is freely accessible to solvent and unfavorable for local interactions (Fig. 10) . Because of the Arg d-guanido moiety has a reduced chemical reactivity due to its high pK a and its resonance stabilization and d-guanido moiety provides high surface area for charged interactions and moreover Arg has high tendency to participate in saltbridge interaction (ion pair); therefore, Arg residues would be adaptable to high temperatures (Mrabet et al., 1992; Zhou et al., 2008) . Hence, with mutation of Ile 232 residue to hydrophilic residue (Arg), conditions for increasing structural stability of luciferase by establishing more favorable local interactions are provided (Fig. 10) . However, it should be emphasized that additional Arg charge is not responsible for the entire increased thermostability. For example, a neutral mutation (I 232 A) increased thermostability of firefly luciferase in a comparable amount to I 232 R (Tisi et al., 2002) . It should be noted that inactivation of WT stops at 5% after 10 min and remains constant till the end of the axis (Fig. 3b) . This interesting result has always been observed for firefly luciferase which indicates a minimum of folded protein structure for enzymatic activity under this condition.
From R mutant is probably due to a rigidity of the structure as a result of positive charges effect on structure at these locations.
The location of Gln 35, Ile 182, Ile 232 and Leu 300 in relation to Trp 417, in the structure of L.turkestanicus luciferase is shown in Fig. 10i . However, the distance between Arg 35, Arg 182, Arg 232 and Arg 300 to Trp 417 is 42.7, 36.3, 35.5, 46 .3 Å , respectively. Therefore, it looks due to far distance of these residues to the only Trp residue of the L.turkestanicus luciferase fluorescence quenching may be decreased. The enhancement of emission under this condition may be due to the decreased local freedom of rotation of tryptophan residue and its displacement to a location in the (Vriend, 1990) and PIC Web server (Tina et al., 2007) .
Engineering of luciferase through arginine saturation interior hydrophobic core of the enzyme .
On the other hand, ANS anion is conventionally considered to bind to pre-existing hydrophobic (non-polar) surfaces of proteins, and according to the extrinsic fluorescence of ANS, the loss of hydrophobic patches on mutant proteins surface was observed (Fig. 7) . Moreover, the -Q 35 R/I 232 R/ I 182 R luciferase showed a small increase in the proportion of hydrophilic residue content in relation to wild-type luciferase. In particular, the region from residues 170 -194 and 220-243, which includes the replacement of Ile with Arg residue in -Q 35 R/I 232 R/I 182 R luciferase, showed a major decrease of hydrophobic character in relation to wild-type luciferase (data not shown). From ANS and hydropathy plots, it may be concluded that the degree of hydrophobic patches exposure with increasing the number of mutations are decreased to prevent the binding of ANS, which in turn results in lower ANS fluorescence.
Moreover, the accessibility of tryptophan residues in luciferase and the effects of these positive charges on the accessibility of tryptophan are studied through acrylamide and iodide quenching of luciferase. The only tryptophan residue in L.turkestanicus (Trp 417) is not a surface residue, although this is near the protein surface. As shown in Fig. 8a and b, the plots F 0 /F versus KI and acrylamide for -I R/I 232 R/I 182 R and -L 300 R is less than wild-type enzyme and indicating that a conformational change has taken place and the fluorophore is far from the surface of enzyme.
In conclusion, according to the results presented in this manuscript, it may be suggested that mutagenesis of some hydrophobic residue to Arg in the flexible loop is responsible for increasing thermostability and optimum temperature of firefly luciferases. It is relative, as the effects of this positive charge on thermal stability for -I 232 R completely obvious and for -Q 35 R, -I 182 R and -L 300 R less sensible. These findings also show the important role of surface loops in the stability of the enzyme. In fact, mutagenesis of solvent accessible hydrophobic residues to Arg increase local interactions thereby enhances the stability of the enzyme. Moreover, CD, intrinsic and ANS fluorescence and quenching of fluorescence data show that increase in exposed Arg residues is responsible for the transition of exposed hydrophobic residues to the interior part of protein and more protein rigidity thereby increases thermostability of firefly luciferases. The thermostable luciferase mutants described here, especially -I R, may be useful for a variety of applications including biosensing, dual assay and a reporter. Meanwhile, structural and functional analysis of -L 300 R mutant indicates lack of direct relationship between increased structural rigidity and higher thermostability. That is to say, ultra-rigidity of luciferase mutant through charge introduction in a surface loop (at least for -L 300 R) will not guarantee suitable activity.
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